Intestinal epithelial cells (IECs) act as a physical barrier separating the 51 commensal-containing intestinal tract from the sterile interior. These cells have 52 found a complex balance allowing them to be prepared for pathogen attacks 53 while still tolerating the presence of bacteria/viral stimuli present in the lumen 54 of the gut. Using primary human IECs, we probed the mechanisms, which allow 55 for such a tolerance. We discovered that viral infection emanating from the 56 basolateral side of IECs elicited a stronger intrinsic immune response as 57 compared to lumenal apical infection. We determined that this asymmetric 58 
Introduction 72
Intestinal epithelial cells (IECs) lining the gastrointestinal tract constitute the 73 primary barrier separating us from the outside environment. These cells protect 74 the human body from enteric bacterial and viral pathogens (Peterson and Artis, 75 2014) . They sense and combat these pathogens using Pathogen Recognition 76
Receptors (PRRs) (e.g. the Toll-like receptors (TLRs)) to trigger an intrinsic 77 innate immune response (Pott and Hornef, 2012 , Fukata and Arditi, 2013 , Arpaia 78 and Barton, 2011 , Barton and Medzhitov, 2003 . Importantly, IECs are in 79 constant contact with the ever-present microbiota and therefore have developed 80 mechanisms to tolerate the presence of the commensals while maintaining 81 responsiveness against pathogen (Fukata and Arditi, 2013) . The intrinsic innate 82 immune response is regulated not only by complex signal transduction pathways 83 downstream of PRRs but also by compartmentalization of these receptors 84 (Odendall and Kagan, 2017, Chow et al., 2015) . This compartmentalization is 85 described to be an important mechanism by which cells avoid self-recognition 86 (Yu and Gao, 2015, Kagan and Barton, 2014) . In IECs, this compartmentalization 87 of innate immune functions is believed to be even more critical to maintain gut 88 homeostasis (Yu and Gao, 2015) . IECs are polarized, they display a unique apical 89 membrane facing the lumen of the gut and a basolateral membrane facing the 90 lamina propria (Yu and Gao, 2015, Rodriguez-Boulan and Macara, 2014) . Enteric 91 pathogens and commensals are normally located in the lumen of the gut thereby 92 generally challenging hIECs through their apical membrane. However, when the 93 barrier function is lost, in the presence of invasive pathogens, or during 94 spreading of infection, pathogens and commensals can gain access the 95 basolateral side of hIECs. The concept that PRRs can induce a different signalingdepending on whether the pathogen challenges emanate from the apical or 97 basolateral side of hIECs have been pioneered by studying TLR9 and TLR5 98 (Gewirtz et al., 2001 , Lee et al., 2006 . The mechanisms leading to this polarized 99 immune response have been described to be mediated by a different signal 100 transduction pathway between apical or basolateral stimulation for TLR9 (Lee et 101 al., 2006) and due to the asymmetric distribution of the PRRs in hIECs for TLR5 102 (Gewirtz et al., 2001 ). The precise intracellular localization of TLRs and, most 103 importantly, which ones are actually expressed in IECs has been a matter of 104 debate (Price et al., 2018) . Additionally, how viruses are detected and combatted 105 in human IECs has been largely understudied. It remains unknown whether virus 106 specific PRRs (i.e. TLR3) can be asymmetrically distributed thereby providing 107
IECs the capacity to distinguish between viral infection emanating from the 108 apical or their basolateral side and as a consequence mount a different immune 109 response. 110
In our study, we determined that IECs respond to viral infection in a side 111 specific manner. We could directly correlate this polarized immune response to 112 the asymmetric distribution of TLR3 towards the basolateral side of IECs. We 113 identify the clathrin sorting adaptor protein AP-1 as the key machinery to sort 114 TLR3 to the basolateral side of IECs. Our results suggest a mechanism used by 115
IECs to generate a moderate immune response against stimuli emanating from 116 the physiological lumenal side while remaining fully responsive against invasive 117 pathogens or in conditions of barrier integrity loss where stimuli can access the 118 normally sterile basolateral side. 119
Results

121
To address the extent by which TLRs act in a polarized manner in intestinal 122 epithelial cells, the model human IEC line T84 cells were polarized on transwells 123 (Madara et al., 1987) . Cellular polarization was controlled through 124 immunostaining of the tight junction belt (data not shown and (Stanifer et al., 125 2016) ). The integrity of the epithelial barrier, a pre-requisite for side specific 126 stimulation, was validated by monitoring the Trans-Epithelium Electrical 127
Resistance (TEER) (Sup. Figure 1A) and by controlling the capacity of the hIEC 128 monolayer to block dextran diffusion in a transwell diffusion assay (Sup. Figure  129 1B). These polarized hIECs were used to evaluate the relative expression of each 130
TLR by q-RT-PCR. Results showed that TLR2, 3, 4 and 5 were the most expressed 131 in hIECs ( Figure 1A ). Following side-specific stimulations by TLR agonists 132 (Figure 1B) , the specific response of hIECs was evaluated by monitoring the 133 transcription upregulation of both IL-6 and type III interferon (IFNλ2/3). 134
Stimulation with TLR7, 8 and 9 agonists did not induce an immune response in 135 hIECs which was consistent with their low expression levels . 136
However, these agonists were fully potent in inducing IL-6 production in pBMCs 137 (Sup. Figure 2A) . Importantly, while treatments of the cells with TLR2, 3, 4 and 5 138 agonists resulted in the production of IL-6 (and IL-8, data not shown) and 139
IFNλ, basolateral stimulation of the cells by TLR3 agonist induced a significantly 140 higher production of IFNλ compared to apical stimulation . This 141 stronger induction of interferon upon basolateral stimulation with the TLR3 142 agonist was true at any time post-treatment ( Figure 1E ). This TLR3-specific 143 polarized immune response was not the result of a more efficient update of theagonist from the basolateral side of the cells as quantification revealed that the 145 kinetics of fluorescently labeled TLR3 agonist uptake was identical between the 146 apical and basolateral side of hIECs (Sup. Figure 2B ). Together, these results 147 suggest that hIECs can distinguish between apical and basolateral stimulation of 148 TLR3 and adapt their response in a side specific manner. 149
150
Basolateral viral infection of hIECs induces a stronger immune response 151 compared to apical infection. To control that the polarized TLR3 immune 152 response was not agonist specific we infected hIECs with mammalian reovirus 153 which is actively sensed by TLR3 during infection (Stanifer et al., 2016) . 154
Polarized hIECs grown on transwells were infected in a polarized manner 155 ( Figure 2A ) and virus replication and cellular immune response was followed 156 overtime as function of infection side (apical vs. basolateral). Results showed 157 that the onset of viral replication was identical between apical and basolateral 158 infection. No significant differences between apical and basolateral infection 159 could be detected in the efficacy of virus uptake (Sup. Figure 3A) , in the number 160 of cells infected during the primary round of infection ( Figure 2B -C), and in viral 161 replication as measured by viral genome load and production of the viral non-162 structural protein μNS overtime (Sup. Figure 3B -C). However, at late time points 163 and during multiple rounds of infection, apical infection resulted in a higher level 164 of replication and production of progeny viruses ( Figure 2D -E and Sup. Figure  165 3C-E). Interestingly, the lower production of de novo viruses following 166 basolateral infection correlated with a stronger intrinsic innate immune 167 response at both the RNA and protein level ( Figure 2F-H) . A similar strongerimmune response following basolateral infection was also observed when using 169 a different hIEC cell line (SKCO15) (Le Bivic et al., 1989 ) (Sup. Figure 4) . 170
Additionally, as observed using the TLR3 agonist poly I:C ( Figure 1E ), basolateral 171 viral infection of hIECs resulted in a higher production of interferon at all times 172 post-infection at both the RNA and protein levels (Sup. Figure 5) . 173
This higher production of interferon following basolateral stimulation and 174 infection could be due to an increased RNA stability or sustained transcription. 175
To address this possibility, cells were treated with actinomycin to inhibit new 176 RNA synthesis (Sup. Figure 6A ). The half-life of both apical and basolateral 177
IFNλ2/3 transcripts were found to be similar, however basolateral infection lead 178 to a slightly lower half-life of IFNβ1 transcripts compared to apical infection 179 (Sup. Figure 6B -C). These finding argue that the stronger immune response 180 generated upon basolateral challenges is not the result of differences in the 181 stability of the IFN transcripts. To gain a global understanding of the extent by 182 which apical and basolateral infection/stimulation leads to a different immune 183 response hIECs were infected in side specific manner and their transcriptional 184 profiles was analyzed by microarray. Results show that infection from both sides 185 leads to an increase in immune response related genes however, basolateral 186 infection resulted in a greater number of upregulated genes as well as a higher 187 induction of the genes also upregulated upon apical infection (Sup. Figure 7) . In 188 addition, KEGG analysis shows that the upregulated genes are predominantly 189 associated with immune response pathways and interferon-mediated responses. 190 (Sup. Figure 7C) . 191
All together these data show that hIECs can react in a side specific manner to 192 basolateral infection lead to a stronger production of interferon compared to 210 apical infection (Sup Figure 8D ). To investigate whether this polarized immune 211 response also applies to other TLRs, we performed a side specific stimulation 212 with TLR agonist of primary human organoids on transwells. As observed in our 213 T84 cell line, primary hIECs mostly express TLR2, 3, 4 and 5 (Sup. Figure 8E ) 214 which was consistent with previous work using murine IECs (Price et al., 2018) . 215 3F-G), they only show a polarized interferon induction upon TLR3 stimulation 217 ( Figure 3G ). Altogether, our results demonstrate that hIECs respond in an 218 asymmetric manner to TLR3 stimulation. 219
The clathrin sorting adapter AP-1B mediates the basolateral localization of 220 TLR3 in hIECs. To address whether the polarized response to 221 infection/stimulation was due to a polarized distribution of the pathogen 222 recognition receptor, we performed immunostaining of TLR3 in hIECs. Human 223 organoids were seeded as a 2D monolayer as described above ( Figure 3A) , and 224 results show that TLR3 was restricted to the basolateral membrane of hIECs 225 ( Figure 4A ). Similar results were obtained with both T84 cells grown as 226 spheroids and primary hIECs grown as 3D organoids ( Figure 4B-C) . 227
Quantification revealed that TLR3 was exclusively localized to the basolateral 228 membrane in human organoids and was mostly localized to the basolateral 229 membrane in T84 cells ( Figure 4D ). 230
The clathrin sorting adapter AP-1 is well known for sorting proteins to the 231 basolateral membrane of polarized cells ((Folsch, 2015) . AP-1 comes in two 232 forms; the ubiquitously expressed AP-1A and the epithelial specific AP-1B. To 233 investigate if AP-1B was responsible for both the polarized distribution of TLR3 234 and the polarized immune response, we used shRNA to knock-down AP-1B in 235 our T84 cell line model (Sup. Figure 9A ). Immunostaining of TLR3 revealed that 236 upon AP-1B down regulation, TLR3 was re-localized from the basolateral 237 membrane to the apical side of hIECs ( Figure 5A-C) . Quantification revealed that 238 most of the AP-1B knock-down spheroids display TLR3 at their apical side 239 ( Figure 5D ). After controlling the barrier function and integrity of AP-1B knock-240 down hIECs (Sup. Figure 9B -D), WT and AP-1B knock-down cells were infected 241 in a side specific manner with reovirus. As observed before, basolateral infection 242 of WT hIECs resulted in a stronger production of interferon compared to apical 243 infection. Interestingly, knock-down of AP-1B resulted in an inversion of this 244 polarized response leading to a stronger production of interferon upon apical 245 challenges both at the transcript ( Figure 6A ) and protein level (Sup. Figure 9E) . Figure 10B ). To validate that the observed increased 256 immune response in AP-1B knock-down cells upon apical challenges was directly 257 mediated by TLR3, we used a pharmacological inhibitor approach. As TLR3 258 requires TRIF as adapter protein to mediate downstream signaling (Yamamoto 259 et al., 2003) , we used a TRIF specific inhibitor. Results confirm that the observed 260 immune response generated by hIECs upon viral infection is largely due to TLR3 261 (Sup. Figure 11A) . Importantly, inhibition of TLR3-mediated signaling in AP-1B 262 knock-down cells resulted in a strong reduction of immune response upon apical 263 infection (Sup. Figure 11B Only a few studies have tried to correlate the specific localization of TLRs 313 at the apical and basolateral side of IECs with their capacity to respond to 314 PAMPs. TLR5 has been shown to be located on the basolateral membrane, which 315 was suggested to be critical to limit overstimulation of IECs by the commensal 316 bacterial components flagellin (Gewirtz et al., 2001 ). TLR2 and 4 have been 317 described to be redistributed near the basolateral side of IECs upon activation 318 (Cario et al., 2002 , Hiemstra et al., 2015 . It was suggested that this trafficking is 319 a mechanism used by IECs to transmit information from the lumen into 320 underlying the immune cells (Hiemstra et al., 2015) . TLR9 was shown to be 321 located in both the apical and basolateral membranes but has been described to 322 signal in a polarized manner. Basolateral stimulation of TLR9 leads to NFkB 323 activation and the induction of an immune response however, apical stimulation 324 leads to the ubiquitination of IkBa which causes it to accumulate therefore 325 blocking apical signaling (Lee et al., 2006) . Together with the current work on 326 TLR3, the asymmetric distribution of TLRs in IECs appears to represent a 327 mechanism to avoid/control response against lumenal stimuli. Interestingly, a 328 new study suggests that to achieve homeostasis, which we define here as co-329 habitation of IECs with the commensal flora, TLRs are differentially localized to 330 specific sections in the GI tract (Price et al., 2018) . Compatible to the present 331 study, TLR2, 4, and 5 were found at both the apical and basolateral membranes. 332
Interestingly, this study also showed that TLR7 and 9 were absent from the 333 epithelium and their expression was limited to underlying immune cells. Our 334 findings are consistent with this work as we also measured very low expression 335 levels of TLR7/9 and observed that IECs are not responsive to the corresponding 336 agonists. TLR3 was found to be expressed in all intestinal sections (Price et al.,specifically localized at the basolateral side of IECs providing these cells the 339 possibility of mounting a polarized immune response. We could demonstrate 340 that TLR3 displays a polarized functionality independently of its location within 341 the GI tract. We found that basolateral infection leads to a stronger immune 342 response in organoids derived from duodenum, ileum and colon (data not 343 shown). Together these studies suggest that to achieve homeostasis, TLRs 344 expression has to be spatially controlled both at the cellular level 345 (apical/basolateral) and at the longitudinal level along the GI tract. Regulation can be found at the quantitative level by selecting the expression of a 361 subset of TLRs or can be achieved by creating a uniquely tailored response that 362 allows for directional partial tolerance of PAMPs. We propose that in addition to 363 plasma membrane-associated TLRs, IECs also functionally polarize the 364 intracellular endosomal TLR3. This polarization of function is intrinsically linked 365 to the polarized nature of the cell and allows for TLR3 to strongly respond to 366 basolateral challenges while limiting response to apical challenges (Sup. Figure  367 12). A recent study has shown that production of a type III interferon mediated 368 antiviral immune response in mice was key to protect them from subsequent 369 enteric virus infections (Ingle et al., 2019) . This suggests that production of type 370 III IFN against enteric viruses is key to protecting the gut against further 371 challenges. In the context of our polarized immune response to viral infection, 372
we propose that apical infection/challenges create a sufficient immune response 373 allowing the non-infected bystander cells to be primed for further challenges. If 374 this primed antiviral state is overruled by viruses, upon spreading and infection 375 of IECs from their basolateral side, a stronger immune response will be 376 generated acting as a second line of defense against the pathogen. Importantly, 377 AP-1B knock-out mice show an increase in inflammation and infiltration of CD4+ 378 T cells due to an overreaction of IECs against the commensal flora (Takahashi et  379 al., 2011) . In the line with our results that AP-1B functionally polarizes PRR 380 sensing and signaling, we propose that within the physiological organization of 381 the gut, this side specific polarized immune response of IECs participates in the 382 tolerance of the commensal flora located in the lumen while remaining 383 responsive to invading pathogens that will gain access to the sterile basolateral 384 
